In this paper, a generation scheme for telecom band hyper-entanglement is proposed and demonstrated based on the vector spontaneous four wave mixing (SFWM) processes in optical fibers. Two kinds of two-photon states are generated, one is hyper-entangled in the degree of freedoms (DOFs) of energy-time and polarization, the other is hyper-entangled in DOFs of energy-time and discrete-frequency. Experiments of Franson-type interference, two-photon interference under non-orthogonal polarization bases and spatial quantum beating are realized to demonstrate the entanglement in energy-time, polarization and frequency, respectively. This scheme provides a simple way to realize telecom band hyper-entanglement, which has potential for large geographic-scale applications of quantum communication and quantum information over optical fibers.
processes, leading to the frequency relation of v p1 1 v p2 5 v s 1 v i , where v p1 , v p2 , v s , and v i denote the frequencies of the two pump photons, the signal photon and the idler photon, respectively. For an isotropic medium, the nonzero elements of the third order nonlinear tensor x (3) 
jiji , where i, j g {x, y, z}, x, y and z are three orthogonal coordinate directions. In optical fibers, the x 3 ð Þ iiii , i g {x, y} supports scalar SFWM processes, in which the annihilated pump photons and generated signal and idler photons are all polarized in the same direction. While, the x 3 ð Þ ijji , x 3 ð Þ iijj , and x 3 ð Þ jiji , i, j g {x, y}, i ? j, may support vector SFWM processes. Two kinds of vector SFWM processes are shown in Fig. 1 , in which the annihilated two pump photons are polarized in two orthogonal directions, the generated signal and idler photons are also polarized orthogonally. H and V in the figure denote two orthogonal polarization directions (H: Horizontal direction, V: Vertical direction) in the fiber.
In the proposed schemes for the hyper-entanglement generation in optical fibers, two orthogonally polarized continuous wave (CW) pump lights with different frequencies are injected into the optical fiber to stimulate the two vector SFWM processes simultaneously. The two processes are indistinguishable and coherently superposed, which is the basis for the hyper-entanglement generation. In each vector SFWM process shown in Fig. 1 , the signal and idler photons are generated simultaneously, ensuring the property of energy-time entanglement. The two-photon states generated by the two vector SFWM processes can be expressed as
where jY 1 ae and jY 2 ae are the states for the left and right processes in Fig. 1 , respectively. V ; (v p1 1 v p2 )/2 2 v i 5 v s 2 (v p1 1 v p2 )/2, is the frequency detuning, where v p1 , v p2 , v s and v i are the frequencies of the two pump lights, the signal photon and idler photon, respectively. In an optical fiber without birefringence, the amplitudes of the two-photon states generated by the two vector SFWM processes are the same, which are denoted by j(V). Equation (1) and (2) show that in each vector SFWM process, the two photons in a pair are polarized orthogonally. To generate the hyper-entanglement in DOFs of energy-time and polarization, a proper optical filter system should be applied to route the generated photons to two paths by their frequencies. In each path, the polarizations of the generated photons are not determined due to the indistinguishability of the two vector SFWM processes, leading to the polarization entanglement generation. The central frequencies of the filters for the signal and idler photons can be denoted by v s0 and v i0 , respectively, which satisfy the relation of v s0 1 v i0 5 v p1 1 v p2 . The filter bandwidths for the signal and idler photons are the same and denoted by d. If the bandwidth d is narrow, the two-photon state at the two paths after the optical filter system can be expressed as
where,â { vs0 andâ { vi0 denote the creation operators at the two paths for the signal and idler photons, respectively. V 0 is defined by
The state jY 3 ae shows hyper-entanglement in DOFs of energy-time and polarization.
To generate hyper-entanglement in DOFs of energy-time and discrete-frequency, a polarization beam splitter should be used to route the generated photons by the two vector SFWM processes to two paths by their polarizations. The polarization relation of signal and idler photons in the vector SFWM processes ensures that the two generated photons in the same process would exit via the two paths separately. While, in each path the frequencies of the generated photons are not determined due to the indistinguishability of the two vector SFWM processes, leading to the frequency entanglement generation. Especially, if the frequencies of the signal and idler photons are defined by narrow band optical filters at v s0 and v i0 with bandwidths of d, the discrete-frequency entanglement can be generated. If the bandwidth d is narrow, the two-photon state can be expressed as
where,â { H andâ { V denote the creation operators at the two paths for the photons polarized in H and V directions, respectively. V 0 is defined by V 0 ; (v p1 1 v p2 )/2 2 v i0 5 v s0 2 (v p1 1 v p2 )/2 and j(V) is approximated to a constant j 5 j(V). The state jY 4 ae shows hyper-entanglement in DOFs of energy-time and discrete-frequency.
Hyper-entanglement in energy-time and polarization. The experiment setup for the demonstration of hyper-entanglement in energy-time and polarization is shown in Fig. 2 . The two pump lights are generated by two CW lasers (Agilent 81980 A and Bookham TL5000DCJ), under wavelengths of 1551.80 nm (C32, ITU channel 32) and 1553.33 nm (C30, ITU channel 30), respectively. The linewidths of the two lasers are 100 kHz (Agilent 81980A) and 5 MHz (Bookham TL5000DCJ), respectively. Each of the pump light passes through an optical filter module to suppress noise photons at the signal and idler frequencies. The two pump lights are combined under orthogonal polarization directions by a polarization beam combiner (PBC). A piece of dispersion shifted fiber (DSF) is used as the nonlinear medium, which is about 500 meters in length. The DSF is cooled by liquid nitrogen bath to suppress the noise photons generated by the spontaneous Raman scattering 18 . Correlated signal and idler photons are generated in the DSF by the vector SFWM processes with orthogonal polarization directions.
To generate hyper-entanglement in energy-time and polarization, the generated photons are routed to two paths according to their frequencies by an optical filter module composed of cascaded commercial density wavelength division multiplexers (DWDMs). The The experiment of Franson-type interference is realized to characterize the energy-time entanglement property, in which two unbalanced Mach-Zehnder interferometers (UMZIs) are used as the quantum state analyzer as shown in Fig. 2(b) . The UMZIs are commercial DPSK demodulators (Kylia mint-1x2-L-2.5 GHz) with arm length differences of Dt UMZI 5 400 ps in time domain. The relative phase differences between the two arms of the UMZIs can be tuned by the voltages applied on the DPSK modulators, which are denoted by a and b, respectively. According to the FWHM of filters for signal and idler photons, the coherence time of the single photon wave packet of generated photons is about t 1 , 8 ps. On the other hand, the coherence time of the two-photon wave packets generated by the vector SFWM processes is determined by the coherence times of the two pump lights. Since the linewidth of one pump light is far larger than that of the other, the coherence time of the two-photon wave packets can be estimated by the coherence time of the pump light with wider linewidth, which is about t 2 , 0.2 ms. Hence, a Fransontype interference with high visibility can be expected under the condition of t 1 =Dt UMZI =t 2 .
The experiment results for the energy-time entanglement are shown in Fig. 3 . Figure 3 (a) is a typical result recorded by the TCSPC in the coincidence measurement, under the single side count rates of 3.77 3 10 5 Hz and 3.38 3 10 5 Hz for signal and idler photons, respectively (the insertion losses of the UMZIs for the signal and idler photons are 3.89 dB and 4.16 dB, respectively). There are three coincidence peaks due to the arm length differences of the two UMZIs at signal and idler sides. The central coincidence peak is contributed by two cases, corresponding to that both photons pass through the long arms of the UMZIs and that both photons pass through the short arms of the UMZIs, respectively. The two cases are indistinguishable and their states are coherently superposed, showing the property of energy-time entanglement 16 . As a result, the central coincidence peaks show an interference fringe under varying relative phase differences of the UMZIs. The measurement results of the interference fringes are shown in Fig. 3(b) . The raw coincidence counts are calculated by the sum of 20 time bins, equivalent to a time domain filter of 80 ps, which is the FWHM of the coincidence peak. The counting time for each measurement is 1 minute. The accidental coincidence counts are calculated by the sum of the counts in 20 time bins outside the coincidence peaks. The net coincidence counts are obtained by subtracting the accidental coincidence counts from the raw coincidence counts. Figure 3(b) shows the interference fringes of the net coincidence counts, in which the coincidence counts are measured under different a when b is fixed at 6.38 rad or 7.29 rad, respectively. The interference visibilities are calculated by curve fitting. The interference visibilities for net coincidence counts are 99 6 1% for both b 5 6.38 rad and b 5 7.29 rad. For the raw coincidence counts, the interference visibilities are 84 6 1% for both b 5 6.38 rad and b 5 7.29 rad. During the measurement, the single side count rates are almost unchanged under different relative phase differences of the two UMZIs, showing that the fringes are induced by the energytime entanglement rather than the interference of single photons. Either the measured visibilities for the net coincidence counts or that for the raw coincidence counts are higher than 1
. ffiffi ffi 2 p , which is the benchmark for the violation of the Bell inequality 21 , indicating the energy-time entanglement generation. Comparing with previous works about the energy-time entanglement 13, 21 , the raw visibilities are limited mainly due to the noise photons generated by the spontaneous Raman scattering in optical fibers. The ways to improve the raw visibilities are discussed in the section of Discussion.
The entanglement property on the DOF of polarization is explored by the two-photon interference under two non-orthogonal polarization bases, using two polarization analyzers as the quantum state analyzer, which is shown in Fig. 2(c) . Each polarization analyzer includes a fiber polarization controller (FPC) and a rotatable polarizer (P). The angles of the polarizers for signal and idler photons are denoted by h s and h i , respectively. Firstly, h s is set to 0 and h i is set to p/2 rad, then the fiber polarization controllers are adjusted to maximize the coincidence counts. By this process, the detecting directions of the two polarization analyzers are collimated. Figure 4(a) is the single side count rates of signal photons when h i is varied and h s is set to 0 or 2p/4 rad. It is shown that the single side count rates are almost independent on the angle of polarizer, indicating that photons at single sides are not polarized in some specific direction. Figure 4(b) is the results of net coincidence counts obtained under a time domain filter of 80 ps. The counting time for each measurement is 30 seconds. It can be seen that the two-photon interference can be observed under two non-orthogonal polarization bases, with fringe visibilities of 94 6 1% under h s 5 0 and 96 6 1% under h s 5 2p/ 4 rad. For the raw coincidence counts, the visibilities are 88 6 1% under h s 5 0 and 89 6 1% under h s 5 2p/4 rad, respectively. Both the measured visibilities for the net coincidence counts and that for the raw coincidence counts are higher than 71% 22 , indicating the polarization entanglement of the generated two-photon state.
Hyper-entanglement in energy-time and discrete-frequency. The experiment setup for the demonstration of hyper-entanglement in energy-time and frequency is shown in Fig. 5(a) . Comparing with Fig. 2(a) , the two setups are similar, however, the optical filter module for separating signal and idler photons in Fig. 2(a) is replaced by a polarization beam splitter (PBS) in Fig. 5(a) , which 8separates the generated photons by polarization. The quantum state analyzers for energy-time entanglement and frequency entanglement are shown in Fig. 5(b) and (c) , respectively.
The energy-time entanglement is also demonstrated by the experiment of Franson-type nonlocal interference. The quantum state analyzer for this experiment is similar with the one shown in Fig. 2(b) , except that two optical filters at signal and idler frequencies are inserted before the UMZIs to suppress the noise photons. The experimental methods and conditions are also similar with the ones in previous experiment and the results are shown in Fig. 6(a) . It can be seen that the interference visibilities for the net coincidence counts are 98 6 1% under b 5 6.38 rad and 99 6 1% under b 5 7.29 rad, respectively. For the raw coincidence counts, the interference visibilities are 91 6 1% for both b 5 6.38 rad, and b 5 7.29 rad. Either the measured visibilities for the net coincidence counts or that for the To demonstrate the discrete-frequency entanglement property, an experiment of spatial quantum beating is realized utilizing the quantum state analyzer shown in Fig. 5(c) . The two photons entangled in frequency are injected to a 50550 polarization-maintaining fiber coupler (50550 PM-FC). A polarization-maintaining variable delay line (PM-VDL) is inserted in one input port of the fiber coupler to adjust the arrival time difference between the two photons. Two optical filters at signal and idler frequencies are set at the two output ports of the 50550 PM-FC, respectively.
The experiment results of the spatial quantum beating are shown in Fig. 6(b) . The squares are measured net coincidence counts under different delay times of the VDL. The solid line is the fitting curve according to
where t is the delay times between signal and idler photons at the 50550 PM-FC, V is the visibility of the spatial quantum beating fringe. v 2 is the frequency difference between the signal and idler photons. f(t) is a normalized function determined by the transmission spectra of the optical filters for the signal and idler photons. In the experiment, the optical filters have flat top and steep falling edges (See Fig. 7 in Method). Hence, their transmission spectra can be approximated by a rectangular function with a bandwidth of v 1 , while, f(t) can be approximated by a sinc function, f(t) 5 sin(v 1 t)/v 1 t. 
The differences between the fitting results and the calculated values may be due to that the two pump frequencies (v p1 and v p2 ) and central frequencies of the optical filters for signal and idler photons (v s0 and v i0 ) have a small mismatch. The interference visibility is V 5 91 6 3% for net coincidence counts. For the raw coincidence counts, the visibility is 85 6 3%. According to Ref. 23 , the nonzero visibility of spatial quantum beating in our experiment indicates the discrete-frequency entanglement property in the generated photon pairs. Comparing with previous works of frequency entanglement 24 , the net visibility of spatial quantum beating in this paper is mainly limited by the polarization misalignment at the PBS or 50550 PM-FC.
Discussion
In the experiments shown in this paper, although the interference visibilities for the raw coincidence are all higher than the criterion for entanglement, they are limited by noise photons mainly generated by the spontaneous Raman scattering. In our experiments, two methods have been applied to suppress the impacts of the spontaneous Raman scattering. On one hand, the optical fiber is cooled to 77 K by liquid nitrogen bath to reduce the Raman noise photon generation rates 18 . On the other hand, narrow time domain filters are used to reduce the contribution of the noise photons to the coincidence counts [see Methods for more details]. However, since the raw fringe visibilities indicate the performances of the proposed hyper-entanglement generation scheme in quantum information applications, higher raw fringe visibilities are always desired. A direct way to increase the raw fringe visibility is cooling the fiber to lower temperature. Previous works of fiber based quantum light sources have shown that Raman noise photon generation rates can be highly reduced by cooling the fiber to 4 K through liquid helium bath 25 . Recently, photon pair generations in on-chip integrated waveguides, such as silicon waveguides 26, 27 or chalcogenide waveguides 28 , have attracted much attention. Quantum light sources based on these waveguides have the potential for room temperature operation thanks to their properties of low Raman noises. Hence, the scheme proposed in this paper provides a way to realize on-chip integrated hyper-entanglement sources with high performance, if proper waveguide designs are made to support the two vector SFWM processes in these waveguides.
It is worth noting that when the two pump lights propagate through the optical fiber, scalar SFWM processes by single pump light would also be stimulated. Since the frequency relations among the pump lights and generated signal and idler photons in the scalar processes are different from those of vector SFWM processes, the scalar processes have no contribution on the hyper-entanglement generation if proper optical filters are used to select signal and idler photons. Hence, in this scheme the scalar SFWM processes only introduce noise photons at both sides without correlation, like the noise photons generated by the spontaneous Raman scattering. Our previous work 13 about energy-time entanglement generation in optical fibers has shown that the photon generation rate by the scalar SFWM processes under CW pumping is far smaller than the noise photon generation rate by the spontaneous Raman scattering. Furthermore, the impact of noise photons can be effectively suppressed by the technique of time domain filters [see Methods for details]. Hence, the scalar SFWM processes in the fiber have little impact in this scheme.
As a summary, we proposed and demonstrate a generation scheme for telecom band hyper-entanglement based on vector SFWM processes, which are stimulated by two orthogonal polarized CW pump lights with different frequencies. Two kinds of hyper-entangled twophoton states are generated. One is hyper-entangled in DOFs of energy-time and polarization. Its property of energy-time entanglement is demonstrated by the Franson-type interference with fringe visibilities (for the net coincidence counts) of 99 6 1% for both b 5 6.38 rad and b 5 7.29 rad. Its property of polarization entanglement is demonstrated by the two-photon interference under two nonorthogonal polarization bases, with fringe visibilities (for net coincidence counts) of 94 6 1% under h s 5 0 and 96 6 1% under h s 5 2p/4 rad, respectively. The other is hyper-entangled in DOFs of energy-time and discrete-frequency. The property of energy-time entanglement is also demonstrated by the Franson-type interference, with fringe visibilities (for net coincidence counts) of 98 6 1% under b 5 6.38 rad and 99 6 1% under b 5 7.29 rad, respectively. Its property of frequency entanglement is demonstrated by the experiment of spatial quantum beating, with a fringe visibility (for net coincidence counts) of 91 6 3%. This scheme provides a simple way to realize telecom band hyper-entanglement, which has potentials for long distance distribution over optical fiber, preferred in large geographic-scale applications of quantum communication and quantum information.
Methods
Optical filtering for signal photons, idler photons and pump lights. In the experiments, the optical filters for signal photons, idler photons and pump lights are realized by cascading 4 DWDMs, respectively, which are commercial devices for optical communication. The insertion losses of these filters are all lower than 2 dB. Their isolations at adjacent channels are larger than 120 dB, estimated by the parameters of each DWDM device and the fact that commercial DWDM devices have very high return loss. For non-adjacent channels, their isolations are even much higher. The transmission spectra of the filters for signal and idler photons are shown in Fig. 7 , measured by a swept test system (Santec, STS510).
Noise suppression by the narrow time domain filter. In the experiment, under the CW pumping configuration, the generation rate of noise photons in optical fibers, including those by the spontaneous Raman scattering and those by the scalar SFWM processes, is much higher than that of entangled photon pairs by vector SFWM processes. A narrow time domain filter is applied in the experiment to suppress the impact of noise photons. To measure the coincidence counts and accidental coincidence counts, the detection events of the two SNSPDs are delivered to the trigger port and signal port of the TCSPC, respectively. The event sent to the trigger port starts the timer in the TCSPC. The event sent to the signal port stops the timer in the TCSPC, forming a start-stop event. In the measurement, a histogram is carried out by the statistics on the spans of recorded start-stop events. If the start-stop event is generated by an entangled photon pair, its span should be a fixed value, which is determined by the travel time difference of the two photons to the two SNSPDs. On the other hand, the spans of the start-stop events due to noise photons are random in time. Hence, the contribution of entangled photon pairs can be discriminated in the histogram and selected out by a time domain filter. It can be expected that the narrower the time domain filter, the better the noise suppression, however, the peak for the coincidence counts would be extended by the timing jitters of single photon detectors and the TCSPC module, which provides a limit to the filter width. Comparing with the single photon detectors based on APDs (Avalanche photodetectors), SNSPDs have far lower timing jitters. In the experiment, the timing www.nature.com/scientificreports jitters of the two SNSPDs are 60 ps, respectively, and the timing jitters of the TCSPC is 12 ps. Such low timing jitters of SNSPDs and the TCSPC support a time domain filter width as narrow as 80 ps, leading to a high suppression of the impact of noise photons on coincidence count measurement.
